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I NTRODUCTI ON 
This  volume  summarizes  Contract NAS 3-14408, " P r e l i m i n a r y  D e s i g n  o f  
a n  A u x i l i a r y  Power U n i t  (APU) f o r  t h e  Space S h u t t l e . "  The APU s u p p l i e s  
h y d r a u l i c   a n d   e l e c t r i c  power f o r   t h e   b o o s t e r  and o r b i t e r   v e h i c l e s .  As s t a t e d  
i n  t h e  Foreword,  Volume I I  con ta ins   t he  Phase I work   i n   wh ich   va r ious   cand ida te  
system concepts were compared and the opt imum selected for  pre l iminary des ign 
d u r i n g  Phase I I .  Volumes I I I ,  IV, and V p resen t  a p r e l  i m i n a r y  d e s i g n  o f  t h e  
s e l e c t e d  system.  Volume I l l  conta ins  the  se lected  des ign  per formance  and 
d e s c r i p t i o n ;  Volume I V  g i v e s  s u p p o r t i n g  s t u d i e s  l e a d i n g  t o  d e f i n i t i o n  o f  t h e  
system;  and  Volume V contains  performance  data.  
T h i s  vo lume  descr ibes  the  se lected system, o u t l i n e s  recommendations f o r  
future  technology  development  programs  and  summarizes  the Phase I and Phase I1 
work  l ead ing  to  the  se lec ted  concep t .  
SELECTED  SYSTEM 
Descr i p t  i on 
The  system,shown i n  F i g u r e  I, c o n s i s t s  o f  a two-stage  turb ine  expanding 
2060'R hydrogen-oxygen  combust ion  products   to   dr ive  gearbox  mounted  hydraul ic  
pumps and  an al ternator  operated  on  hydrogen-oxygen  combust ion  gases. The 
cyc le   per fo rmance  i s   enhanced  by   recupera t ion ,   us ing   the   tu rb ine   exhaust  gas 
to   p reheat   he   hydrogen  p r io r   to   combust ion .  The i n t e r n a l  APU heat  loads 
( h y d r a u l i c  pumps, al ternator,   gearbox,  and  lube pump) a re   coo led   by   t he   cyc le  
hydrogen  f low,  using a l u b e  o i l  c o o l e r  a n d  t w o  h y d r a u l i c  f l u i d  c o o l e r s  ( o n e  
fo r   each  independent   hydrau l i c  pump c i r c u i t ) .  Lube  and h y d r a u l i c  f l u i d  temp- 
e r a t u r e   c o n t r o l   i s   a c c o m p l i s h e d   b y   r e c y c l i n g  a p o r t i o n  o f  t h e  h o t  h y d r o g e n  t o  
m a i n t a i n   t h e  minimum hydrogen   coo l i ng   l oop   t empera tu re   a t   o r  above 400'R. I n  
t h i s  manner, c o n g e a l i n g  o f  e i t h e r  l u b e  o r  h y d r a u l i c  f l u i d s  can  be  avoided 
under a l l  p o s s i b l e  o p e r a t i n g  c o n d i t i o n s ,  i n c l u d i n g  s t a g n a t i o n  o f  t h e  h y d r a u l i c  
f l u i d   i n   t h e   c o o l e r - p o s s i b l e  when one h y d r a u l i c  pump i s  shutdown.  Because 
o f  t h e  l o w  h e a t  c a p a c i t y  o f  oxygen,   there  is   no  incent ive  to   use  the  oxygen 
f l o w  as a h e a t  s i n k  o r  t o  p r e h e a t  i t  p r i o r  t o  c o m b u s t i o n .  
I .  Advantages o f S e l e c t e d  Component Arrangement ____" 
p l a c i n g  b o t h  
a1 1 p o s s i b l e  
c i   r c u i  t, the  
t o l e r a t e  any 
a v o i d  congea 
p l a c i n g  t h e  
c a p a c i   t y  . 
P u t t i n g  t h e  l u b e  o i l  c o o l e r  i n  f r o n t  o f  t h e  h y d r a u l i c  o i l  c o o l e r ,  a n d  
c o o l e r s  u p s t r e a m  o f  t h e  r e c u p e r a t o r  i n s u r e  l u b e  o i l  c o o l i n g  a n d  
c y c l e  o p e r a t i n g  c o n d i t i o n s .  I n  c o n t r a s t  t o  t h e  h y d r a u l i c  f l u i d  
l u b e  o i l  c i r c u i t  has a l ow   the rma l   i ne r t i a   and   t he re fo re   can   no t  
c o o l i n g   d e f i c i t .   F u r t h e r ,   t h e  minimum  lube o i l  t empera tu re   t o  
l i n g  i s  somewhat l e s s  t h a n  t h a t  f o r  t h e  h y d r a u l i c  f l u i d ;  t h u s ,  
l u b e  o i  1 c o o l e r  f i r s t  r e s u l t s   i n  an i nc reased  cyc le  coo l i ng  
I 
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Figure 1 .  Selected APU System Schematic 
Loca t ing  the  recupera to r  a f te r  t he  o i l  coo le rs  resu l t s  i n  the  maximum hydrogen 
temperature into the combustor comensurate wi th maintaining a minimum temp- 
e r a t u r e  o f  about 700°R in   the  exhaust   duct .  Hence the   cyc le  O/F (oxygen t o  
f u e l )   r a t i o   i s   m i n i m i z e d .   T h i s   l o c a t i o n   a l s o   a l l o w s   a l l   o f   t h e   c y c l e  hydrogen 
flow t o  be recuperated.   A l ternat ive ly ,   locat ing  the  recuperator   upst ream  of   the 
oi l   coolers  would  necessitate  several  hydrogen  bypass  loops  (around  the  recup- 
e r a t o r  and t h e  o i l  c o o l e r s )  t o  p r o v i d e  component coo l ing  a t  acceptab le  temp- 
e ra tu re   l eve l s .  
2.  Advantages of   Selected  Control   Concept 
The APU pr imary  con t ro l s  cons is t  o f  t u rb ine  i n le t  t empera tu re  con t ro l  
( t o  m a i n t a i n  d e s i r e d  t u r b i n e  d i s k  1 i f e ) ,  tu rb ine  speed cont ro l  ( to  p rov ide  a 
power balance  and to  genera te  cor rec t  e lec t r i ca l  f requency) ,  and  hydrogen r e -  
c y c l e  l o o p  j e t  pump discharge  temperature.  Both  the  turbine  inlet  emperature 
and  speed a re  con t ro l l ed  by  modu la t i ng  the  pos i t i on  o f  t he  hyd rogen  and  oxygen 
f l o w  c o n t r o l  v a l v e s  i n  f r o n t  o f  t h e  combustor.  Modulation changes t h e   t o t a l  
f low pass ing through the turb ine at  constant  in le t  temperature,  hence a l t e r i n g  
the power. Because c losed- loop   c i r cu i t s   a re   used   i n   a l l   p r imary   con t ro l s ,  
control  performance is independent of  the exact component performance  since  the 
con t ro l s   ad jus t   t he   va l ve   pos i t i ons  as required. Thus, mismatch in  valve  gains, 
va r ia t i ons  i n  va l ve  i n le t  p ressu res  and  temperatures, changes i n  combustor 
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performance, etc., do no t  a f fec t  t he  ove ra l l  APU performance since the controls 
compensate to  ma in ta in  the  con t ro l l ed  pa ramete rs  a t  t he  des i red  l eve l s .  
Vehicle/APU I n t e r f a c e  
Table I summarizes i n te r faces  between the  vehic le  and  the APU. The APU 
ob ta ins  i t s  p rope l l an t  f rom ano the r  veh ic le  subsystem ( t h e  A u x i l i a r y  P r o p u l s i o n  
System, APS) and outputs exhaust gases and u s e f u l  h y d r a u l i c  and e l e c t r i c  power. 
A l though propel lant  supply  f rom the APS i s  cons idered the  base l ine  approach, the 
selected concept can a l so  ob ta in  i t s  p rope l l an t  by  emp loy ing  l i qu id - fed  pumps, 
as desc r ibed  in  Volume 111. 
TABLE 1 
VEHI CLE/APU INTERFACES 
VEHICLE/APU  INTERF CE I INTERFACE  CONDITIONS I FROPELLANT SUPPLY CONDITIONS Hydrogen a t  75and200-500°R, 500- I OOOps i a 
Oxygen a t  300-500°R, 500-1000 ps ia  
T rans ien ts  ove r  fu l l  range of pressures 
and/or temperatures occurring in 2 sec 
~ 
PROPELLANT  EXHAUST  CONDITIONS 
690-  I094 O R  AT  RECUPERATOR DISCHARGE 
0-4 ps ia  above  ambient  pressure 
53.5-61 .5 percent hydrogen by mass 
38.5-46.5 percent water by mass 
OUTPUT POWER LEVEL/QUALITY 0-400 hp a t  gearbox output shafts 
2 90-120 qpm hyd rau l i c  pumps a t  6000 rpr 
I 60/75 kw a l t e r n a t o r  a t  12,000 rprn 
Speed c o n t r o l  t o  C 1 . 7  percent dur ing 
worst-case  transients 
~ ~~ ~ 
HYDRAULIC FLUID  INLET/OUTLET 
O u t l e t  a t  490-745'R CONDITIONS 
I n l e t  a t  530-750°R 
A t  h igh  power output, APU coo l ing  more 
than d iss ipates hydraul ic  pump heat 
generation 
A t  low power output  ( less than 75 hp ou1 
o f  gearbox), APU cool ing  is   less  than 
heat generated by hydrau l i c  pumps, 
resu l t i ng   i n   g radua l   i nc rease   i n  
hydraul ic f luid temperature(see Volumes 
I l l ,  IV,  and  V) 
t 
Pe r fo  rman ce 
1 .  Steady-State 
Figure 2 shows the selected APU system s p e c i f i c  p r o p e l l a n t  consumption 
(SPC) vs the  tu rb ine  sha f t  power fo r  representa t ive  prope l lan t  supp ly  and 
h y d r a u l i c  f l u i d  c o n d i t i o n s .  Data i n  Volume I I I ,  Sect ion 4 present a 
method fo r  de termin ing  SPC over  the  en t i re  range o f  system operat ing condi t ions 
( v a r i a t i o n s  i n  p r o p e l l a n t  s u p p l y  temperatures,  hydraulic f l u i d  i n l e t  temperature, 
output power and ambient  pressure).  Detai led  performance  data  for  the  selected 
APU system concept are given in Volume V. 
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T a b l e  2 shows the  mission-averaged APU per formance  for   the   NASA-speci f ied 
b o o s t e r  and o r b i t e r   m i s s i o n s  (shown in   F igures   4 -21   and   4 -22  of Volume I l l ) ;  
t h e   d a t a   i n d i c a t e  a SPC of 2 .08   Ib /shp-hr   fo r   the   booster  and 1 . 8 2   f o r   t h e  
o r b i t e r .  
3 . 0  
2 . 0  
2 . 2  
I . 8  
1.4 
0 IO0 
F i g u r e  2 .  APU Typ 
2 00 
T U R B I N E  SHAF 
i c a l   S p e c i f  
300 LOO :, 
T P O W E R .  SHP 
i c  P r o p e l l a n t  Consumption 
TABLE 2 
MISSION-AVERAGED APU PERFORMANCE 
V e h i c l e  
h p - h r  
B o o s t e r  168.0 
O r b i t e r  158.0 62 .O 
I I 
R e q u i r e d  
- " "" . . -  - 
O/F R a t i o  
W i t h  75'R- W i t h  300'R W i t h  75"R 
H y d r o g e n ,  
I b /s  h p - h r  Hydrogen [ H y d r o g  ?ij 
. " 
4 
I 
s t a r t u p  
changes in prope l lan t   in le t   tempera tures  
changes i n  power output  
s hut down 
T a b l e s  3 and 4 summarize the APU t ransient  performance.  
TABLE 3 
SYSTEM TRANSIENT PERFORMANCE  SUMMARY 
Star tup  wi th  500% +0.35 
Ambient Propellants -35.6* 
pel lants(300°R,0~,750R 
Startup with Cold Pro- + I .94 
I n l e t  Oxygen Temperature 
- I  I .4* 
Ramp( I O  times maximum 
f2.04 
ant ic ipated  ra te) (200°R/  
Sec) 
Load Steps(0 to 300hp) f3.15 
"2 
+0.35 
?0.0013 
f l  .71 
,t 
Jet Pump Discharge 
Temperature 
+ I  .5  
- I  .25 
t2.25 
*Controls in tent ional ly   designed fo r  low turbine  in le t   temperature   a t  
speeds below 20,000 rpm 
TABLE 4 
HEAT  EXCHANGER EQUILIBRIUM TEMPERATURES  AFTER  SHUTDOW 
Heat  Exchanqer 
~ 
Hydrogen  preheater 
Lube o i l  c o o l e r  
H y d r a u l i c  o i  1 c o o l e r  
Recuperator I Temperature, O R  383 52 I 520 9 62 
Shutdown c o n d i t i o n s :   S t e a d y - s t a t e   a t  0 hp u s e f u l   o u t p u t  
w i t h  75'R hydrogen  and 300'R oxygen i n l e t  tempera- 
tures,  550°R h y d r a u l i c  f l u i d  h e a t   e x c h a n g e r   i n l e t  
temperature, 10 ps ia   amb ien t  
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3. Ground  Operat ion 
W h i l e  t h e  v e h i c l e  i s  o n  t h e  ground, the  APU must  be  operable  from 
ground-supp l ied   iner t   gas .   F igure  3 shows t h e  i n e r t  gas f l o w   v s  power f o r  
va r ious  gas pressures   and  tempera tures .   Dur ing   g round  opera t ion ,   tu rb ine  
speed i s  reduced t o  40,000 rpm f r o m   i t s   n o r m a l  70,000 rpm. The  speed  reduction 
improves t u r b i n e  p e r f o r m a n c e  o n  i n e r t  gas and  reduces   d isk   s t resses ;   the  
r e q u i r e d  h y d r a u l i c  power i s  e a s i l y  o b t a i n a b l e  a t  t h e  s e l e c t e d  o p e r a t i n g  speed. 
0 
3 
J 
U 
w 
z 
u 
0 
I- 
z 
- 
200 
I 50  
IO0 
50 
0 
T U R B I N E  SHAFT POWER, SHP 
F igu re  3. APU Ground I n e r t  Gas Flow  vs  Developed Power 
Packag i n 9  
W i t h  t h e  e x c e p t i o n  o f  t h e  e l e c t r o n i c  c o n t r o l l e r ,  t h e  APU components 
are  packaged  in to  an in tegra ted   assembly  shown i n   F i g u r e  4 .  The  package 
connec t ions  a re  tungs ten - ine r t  gas w e l d e d  j o i n t s ,  e x c e p t  f o r  t h e  r e c u p e r a t o r  
d ischarge  f lange.  Thus, leakage  p rob lems  w i th in   the   package  a re   v i r tua l l y  
e l i m i n a t e d .  Each j o i n t   i s   r e p a i r a b l e   t o   p e r m i t   d u c t   c u t t i n g   f o r   d i s a s s e m b l y /  
maintenance. 
6 
-7 -A"- 
IN. 
1- 26 IN.  
Figure 4 .  Space  Shuttle APU  Package  Configuration 
The controls are  mounted  separately in an adjacent electronic equipment 
bay. They are compatible  with the  vehicle  data  multiplexing system  to permit 
remote location without the necessity  for direct wiring. A 3/8 ATR short box 
with approximate  dimensions o f  4 x 8 x 14 in  is used f o r  packaging; alternatively, 
the  controls can be mounted  directly on the APU at  a  modest weight and  cost 
penalty. 
We i aht 
Table 5 lists the total weight o f  a  single APU, including propellants. 
The APU fixed weight is about 0.69 lb/hp of gearbox output power. 
Technology Basis 
The  system uti1  izes design concepts  employed in AiResearch-manufactured 
components. Particular  emphasis has been placed on meeting  the desired life 
and maintainability  goals for the Space Shuttle vehicle. These  goals  are 
similar (although  not as stringent) to those  regularly imposed by commercial 
aircraft manufacturers and operators. Volume 1 I I presents the design basis 
for each component. 
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TABLE 5 
APU  SYSTEM  WEIGHT  SUMMARY 
I tem 
COHPONENTS 
Hydrogen  Preheater 
Lube and Hydraul ic Oil Coolers 
Recuperator 
Ducting (including exhaust duct 
Valving 
C d u s t o r / F l c w  C o n t r o l  Assembly 
Turbine/Gearbox Assembly 
Hydrau l i c  Pumps and A I  te rna tor  
Controls and Sensors 
Total Fixed Weight 
Jeight, I b  
6. I 
31.6 
I I .e 
30.0 
E .6 
5.6 
71.7 
100.0 
7.0 
276.E 
PROPELLANT  FOR  BOOSTER 
Hydrogen 
Oxygen 
Propel lant  Condi t ion ing Penal ty  
Total  Propell_ant  Weight 
PROPELLANT FOR ORBITER 
Hydrogen 
Oxygen 
Propel lant  Condi t ion ing Penal ty  
To ta l  Prope l lan t  Weight 
TOTAL  BOOSTER INDIVIDUAL APU  WEIGKT 
TOTAL  ORBITER INDIVIDUAL APU  WEIGHT 
Weight, i b  
"- .. 
195.9 
112.7 
E3.5 
392. I 
177.5 
109.0 
7 1 . 6  
363.9 - 
~ 
668.9 
640.7 
A t  the  system  level ,   AiResearch has b u i l t  and  tes ted  a c r y o g e n i c a l l y -  
suppl ied  hydrogen-oxygen APU u s i n g  c l o s e d - l o o p  c o n t r o l s  s i m i l a r  t o  t h o s e  
s e l e c t e d  f o r  t h e  Space S h u t t l e  APU. T h i s  e a r l i e r  s y s t e m  ( c a l l e d  IPECS, 
I n t e g r a t e d  Power and  Envi ronmenta l   Contro l   System)  a lso  d iss ipated  the com- 
ponent  heat t o   t h e   c y c l e   h y d r o g e n   f l o w .  Some t y p i c a l  I P E C S  t r a n s i e n t   p e r -  
formance t e s t   d a t a   a r e   p r e s e n t e d   i n  Volume I II, Sec t i on  7. These 
d a t a  i n d i c a t e  t h a t  f a s t ,  s t a b l e  r e s p o n s e  o v e r  a wide  range o f  o p e r a t i n g  
c o n d i t i o n s  ( a  t u r n d o w n  r a t i o  i n  power o f  15: l )  i s   a c h i e v a b l e   w i t h   p r e s s u r e -  
modu la ted  con t ro l .  
TECHNOLOGY  DEVELOPMENT  RECOMMENDATIONS 
hYd 
f o r  
The p resen t  s tudy  has d e m o n s t r a t e d  t h a t  t h e  a n a l y t i c a l  d e s i g n  o f  a 
rogen-oxygen APU i s  f e a s i b l e  a n d  t h a t  t h e r e  i s  an adequate  technology  base 
the  system components, b u t  it remains t o  demonstrate  the  concept  at  
the   sys tem  leve l .   There fore ,  i t  i s  recomnended t h a t  a breadboard  demonstrat ion 
program, s im i la r   t o   t he   A iResearch - funded  I P E C S  p rog ram  be   i n i t i a ted .  Such 
a program would: 
0 demons t ra te   sys tem  dynamic   pe r fo rmance ,   pa r t i cu la r l y   t he   ab i l i t y  
t o  m a i n t a i n  c o n t r o l  d u r i n g  s t a r t u p ,  s t e p  l o a d  changes,  and  shutdown 
0 prove  adequacy o f   t h e   c y c l e  component  arrangement, p a r t i c u l a r l y  
t h e  a b i l i t y  t o  o b t a i n  t h e  d e s i r e d  h e a t  t r a n s f e r  w i t h o u t  f r e e z i n g ,  
congea l ing ,   o r   excess ive   thermal   s t resses   in   the   heat   exchangers  
A second  a rea   requ i r ing   deve lopment   i s   the   low  f low,   h igh   head  c ryogen ic  
pumps r e q u i r e d  i f  the  APU i s  t o  s u p p l y  i t s  own p r o p e l l a n t  p r e s s u r i z a t i o n .  
Volume I I I ,  Sec t ion  8 shows t h a t  pump des igns  fo r  t he  requ i red  p rob lem 
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s ta tements   a re   bo th   heavy   and  ine f f i c ien t .   There fore ,  it i s  recommended 
t h a t  a two-phase  program  be  pursued. The f i r s t  phase  would  study  methods 
o f  o b t a i n i n g  t h e  d e s i r e d  p r e s s u r e s  ( e i t h e r  pumps or   h igh-pressure  tankage)   and 
the second phase would demonstrate the selected concepts through a development/ 
t e s t  program. 
PHASE I STUDIES SUMMARY 
The o b j e c t i v e  of  t h e  Phase I s t u d i e s  ( d e s c r i b e d  i n  Volume 11) was 
comparison o f  t he  va r ious  cand ida te  sys tems  to  se lec t  t ha t  concep t  bes t  
s u i t e d  f o r  t h e  Space S h u t t l e  a p p l i c a t i o n .  A s e t  o f  NASA-provided  evaluat ion 
c r i t e r i a  were used for system comparisons. 
Procedure 
The procedure  used was t o  s e l e c t  r e p r e s e n t a t i v e ,  o p t i m i z e d  d e s i g n s  f o r  
t h e  i n d i v i d u a l  c y c l e  components  and t o  u s e  t h e s e  d a t a  t o  e s t a b l i s h  t h e  
r e s u l t i n g   c y c l e   p e r f o r m a n c e .  Because of  i t s  i m p o r t a n c e   i n   s e t t i n g   p r o p e l l e n t  
consumption,  turbine  performance was e v a l u a t e d   i n   d e t a i l ,   i n c l u d i n g   i n v e s t i -  
g a t i o n  o f  t h e  e f f e c t  o f  t u r b i n e  d e s i g n  p o i n t  on cyc le   per formance.  
Candidate  Cycle  Concepts 
The f i v e   c a n d i d a t e   c y c l e s   c o n s i d e r e d   i n   d e t a i l   i n  Phase I are   desc r ibed  
i n  Volume I1 and  summarized i n   T a b l e  6. Table 6 a l s o  l i s t s  some o f  t h e  p r e -  
l i m i n a r y  c o n c e p t s  r e j e c t e d  p r i o r  t o  t h e  f i n a l  e v a l u a t i o n .  
Cycle  Performance  Determinat ion 
F igu re  5 shows the  process  used to  es tab l i sh  the  miss ion-averaged per -  
formance  of  each  cycle. One program was used to   de te rm ine   s teady -s ta te   cyc le  
performance a t  a s e r i e s  o f  d i f f e r e n t  o p e r a t i n g  c o n d i t i o n s  a n d  a n o t h e r  p r o g r a m  
i n t e g r a t e d   t h e   p e r f o r m a n c e   o v e r   t h e   s p e c i f i e d   m i s s i o n   p r o f i l e s .  The steady- 
state  program  uses 13 subrout ines,  50 component o f f -des ign  per formance maps, 
and  rea l   f lu id   thermodynamic  proper t ies  (pressure,   temperature,   densi ty ,   and 
en tha lpy )  f o r  hydrogen,  oxygen,  and  water  vapor. It uses 5 n e s t e d   i t e r a t i o n  
l o o p s  w i t h  a p p r o x i m a t e  e q u a t i o n s  f o r  i n i t i a l  guesses t o  s o l v e  t h e  c y c l e .  
A p r i n c i p a l  f e a t u r e  o f  t h e  s t e a d y - s t a t e  p r o g r a m  i s  t h a t  i t  a l l ows  de- 
te rmina t ion  o f  exac t  sys tem per fo rmance th roughout  the  comple te  APU o p e r a t i n g  
regime.  Variables  uch as duc t ing   losses ,  component  pressure  losses,  and 
overboard  expansion  losses  are a l l  a c c o u n t e d   f o r .   A d d i t i o n a l l y ,   b y   u s i n g  
a c t u a l  f l u i d  the rmodynamic   p roper t i es ,   t he   p rog ram  accoun ts   f o r   t he   f l u id  
s p e c i f i c  h e a t  v a r i a t i o n s .  
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TABLE 6 
CANDIDATE APU SYSTEM CONCEPTS 
FINAL COHCEPTS 
SYSTEM 
Lw-Pressure Lcu-Pressure 
Cryogenic 
High-pressure 
I n t e g r a l  
Cryogenic  Cryogenic 
Suppl  led 
Hlgh-Pressure 
HEAT  SINK 
SYSTEM 
Gaseous I H2-02 I None 1 High-pressure 
Supplied 
bnoprope 1 1 ant  75-21-1 
w i t h  Bladders 
Lcm-Pressure 
EXHAUST  ENERGY 
UTILIZATION 
~~~ 
Recuperation 
Recuperation 
"- 
Recuperation 
Recuperation, 
None w i t h  A i r  
HZ 
None 
PRESSURIZATION 
COMBUSTOR 
HETHOD 
Elect r ic -Dr ive 
Cryogenic 
Pumps 
~ - 
D i  r c c t  Feed 
. - -. 
Di rect  Feed 
D i rec t  Feed 
~" ~ .. 
Elect r ic -Dr ive 
bnoprope l l an t  
Pmps 
PRELIMINARY,  REJECTED  CONCEPTS 
Lw-Pressure Hydrogen-Oxygen  Cas  Feed 
All Non-Recuperated Hydrogen-Oxygen Cycles 
Open Brayton Cycle Using Hydrogen-Oxygen 
INPUTS  ANALYSES  O!JTPUTS 
1 r  
Pover/Altirude/Tim 
Mission 
Propellant 
Configuration Requi remenk 
Off-Design  Steady-State 
Performance Performance 
F igure  5. Evaluat ion  Process for Candidate  Cycles 
IO 
Equ iva len t  sys tem ana lys i s  by  hand  ca l cu la t i ons  wou ld  be ex t reme ly  
d i f f i c u l t  and  tedious  because o f  t h e  i t e r a t i o n s  r e q u i r e d  w i t h  t h e  r e c y c l e  
loop, j e t  pump, and O/F r a t i o .  It i s  e s t i m a t e d  t h a t  a m in imum o f  4 t o  6 
man-hours  would  be  required t o  s o l v e  a p o i n t  b y  hand. About IO sec o f  computer 
t i m e  a r e  r e q u i r e d  p e r  p o i n t .  
Tu rb ine  Des iqn  Po in t  Op t im iza t i on  
Appendix A o f  Volume I1 sumnar i zes  the  tu rb ine  op t im iza t i ons  pe r fo rmed  
d u r i n g  Phase I. Var ious  turb ine  types  were  cons idered  wi th   pressure-compounded 
impu lse   t u rb ines   be ing  optimum. Tradeoffs  were  performed t o  s e l e c t  t h e  number 
o f   t u r b i n e   s t a g e s ,   r o t a t i o n a l  speed, p i t c h   l i n e   v e l o c i t y ,   e t c .  O f  p a r t i c u l a r  
importance was s e l e c t i o n  o f  t h e  power  and a l t i t u d e  c o m b i n a t i o n  a t  w h i c h  t h e  
t u r b i n e   n o z z l e s   s h o u l d  be op t im ized.   M iss ion   p rope l lan t   consumpt ion   s tud ies  
i n d i c a t e d  t h a t  a b o u t  IO p e r c e n t  p r o p e l l a n t  r e d u c t i o n  c o u l d  be a c h i e v e d  i n  a 
p ressure  modu la ted  sys tem by  des ign ing  the  nozz les  fo r  op t imum per fo rmance a t  
a l o w  p r e s s u r e  r a t i o  ( o c c u r r i n g  a t  an a l t i t u d e ,  p a r t  power c o n d i t i o n ) ,  i n  
comparison t o  d e s i g n i n g  f o r  t h e  s e a  l e v e l ,  f u l l  power c o n d i t i o n .  
Cyc le  Eva lua t ion  
Table 7 g i v e s   t h e   N A S A - s p e c i f i e d   e v a l u a t i o n   c r i t e r i a .   T a b l e  8 shows 
r e s u l t s   o f   t h e   e v a l u a t i o n s   f o r   t h e   f i n a l   c a n d i d a t e   c y c l e s .  The d a t a   i n d i c a t e  
a dec ided advantage fo r  the  h igh-pressure  gas- fed  sys tem shown i n  F i g u r e  6, 
wh ich  was s e l e c t e d  as the  concep t  fo r  p re l im ina ry  des ign  du r ing  Phase 11. 
Because o f  i t s  d e s i r a b i l i t y  f r o m  an o v e r a l l  v e h i c l e  s t a n d p o i n t  ( c o n s i d e r i n g  
e f f e c t s  o n  t h e  APS), t he  l ow-p ressu re  c ryogen ic  l i qu id  supp l i ed  sys tem us ing  
pumps t o  p r o v i d e  p r o p e l l a n t  p r e s s u r i z a t i o n  a l s o  was cons idered as an a l t e r n a t e  
d u r i n g  Phase 11. 
TABLE 7 
NASA-SUPPLIED  EVALUATION CRITERIA 
r 
cost 
. . 
I tern 
~ ~ _ _  
Low Weight 
High  Flexibility 
Ease  of  Development 
Ease o f  Manufacturin! 
Ease of Maintenance 
" - 
" .  
Weighting 
~ " -  " 
25 
20 
I O  
5 
5 
Reliabilitv 
. . " ~  
1 tern 
Simplicity 
Experience 
Weighting 
30 
5 
T A B L E  8 
SUMMARY OF A P U   E V A L U A T I O N  
Low-Pressure 
Cryo L i q u i d  
I n t e g r a l  
C ryo High-pressure 
RELATIVE RANKING 
73 .O 73.  I TOTAL  WEIGHTED RATING 
2 3 
Weight I . o o  ~ ~ . -- 
F l e x i b i l i t y  
Ease o f  Development 0.53  0 .73 
Ease o f  Manufacturing 0 .63   0 .76  
Ease o f  Maintenance I .oo 
S i m p l i c i t y  
0.56 
0.17 Experience 
0.78 0.69 
0.50 
~- ~ 
.~ 
0 . 6 c - j  ~ <:::- - .. 
.. . . .  
.~ ..~ -~ 
- - 
~ _ _  - ~ ~~~ ~" ~~ ~ 
". ~ . " "~ - . - . 
,YSTEKRATINGS~ 
~~~ 
High-pressure 
Gas-Feed 
I 
93.4 
~. 
0.99 
0.92 
0.89 
0.90 
. .- 
- 
- 1.00 - 
0.95 
0.50 
-~ ~ 
1 
I 
.. - 
0.69  
0 .53  
0.49 
0.42"-"- 
0 . 7 6  
~~ - 
0 . 8 6  
Figure 6. High-pressure Gaseous Hydrogen-Oxygen 
Supplied System Configuration at End 
o f  Phase I 
PHASE I1 S T U D I E S  SUMMARY 
The Phase I1 studies were concentrated  in  three  areas: 
0 se lec t ing  methods o f  contro l l ing  turb ine speed  and i n l e t  temperature 
0 determining system transient  performance  and controls  configuration 
0 generating component designs 
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Changes in the  APU  requirements ( increased  power  output, changed mission 
profile, etc.) at the start of Phase 11, necessitated redesign of the system 
components rather  than building the  Phase  I  designs. Table 9 presents  the 
principal groundrules specified by  NASA  during  Phase 11. 
Modifications  to Phase I System Configuration 
Table IO summarizes the major system changes from the  Phase I configur- 
ation of Figure 6. Some changes evolved from the continuing system studies 
conducted during Phase 11, although most were by  NASA  direction. 
Selection of Turbine Speed and Inlet Temperature Control 
Sect ions 3 and 4 of  Volume IV summar i ze the  turbine speed and 
in.let temperature control  studies. Of the two types of speed control  con- 
sidered,  pressure modulation has  been  selected. In comparison to  pulse 
modulation,  pressure modulation offers signifcantly better speed control, 
lighter fixed system weight for equivalent performance,  and  an established 
technology basis. Pulse  modulation, on the other hand, requires  less  pro- 
pellant. These comparisons are summarized in Table I I .  
TABLE 9 
PRINCIPAL PHASE I1 GROUND RULES 
DESIGN  PHILOSOPHY 
Uaximize proven design concepts 
Y o n i t o r  f o r  f a i l u r e  d e t e c t i o n  
LIFE 
1000 h r  on H2-02 p l u s  2000 hr on i n e r t  gas 
900 H2-O2 s t a r t s  p l u s  600 i n e r t  gas S t a r t s  
AHBIEWT  ENVIRONMENT 
Temperature = 400 t o  700'R 
Pressure = sea l e v e l  to vacuum 
POWER OUTPUT 
400 shp o u t  o f  g e a r b o x  
IO0 s h p  o u t  o f  g e a r b o x  f o r  g r o u n d  
c h e c k o u t  w i t h  i n e r t  gas 
Output  pads f o r  2 90-120  gpn  hydraul ic  
pumps, I 60/75 kw a l t e r n a t o r  
Power  turndown r a t i o  = 16:l 
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PROPELLANT  SUPPLY  CONOITIONS 
Hydrogen = 75,200 t o  500°R,500 t o  IOOOpsi 
Oxygen = 300 t o  SODOR, 500 to 1000 p s i a  
T r a n s i e n t s  i n  p r o p e l l a n t  t e m p e r a t u r e s  o r  
p ressures  can cover  en t i re  range in  2 sec 
a t  APS accumulators 
TURBINE  OESIGH  REQUIREHENTS 
U a t e r i a l  = Udimet  700 
Type = 2 stage axial,  pressure-compoundec 
I n l e t  t e m p e r a t u r e  = 2060'R 
Rota t iona l  speed = 70,000 rpm 
Speed c o n t r o l  = f 5 percent  
D e s i g n  f o r  m n t a i n m e n t  with t r i - h u b  b u r s t  
LUBE  AN0  HYDRAULIC FLUID REQUIREMNTS 
NIL-L-7808 lube o i l ,  750'R maximum 
750'R maximum 
H2V h y d r a u l i c  o i l ,  530'R minimum, 
TABLE IO 
SUMMARY OF MAJOR SYSTEM  CONFIGURATION CHANGES FROM PHASE I 
Conf igu ra t i on  Change 
I .  
2. 
3 .  
4. 
5. 
6.  
7. 
a. 
9 .  
I O .  
I I .  
Supplemental   cool ing  provis ions 
( w a t e r  b o i l e r )  e l i m i n a t e d  
Turb ine  coo l ing  prov is ions  
e l i m i n a t e d  
Turb ine  in le t  tempera ture  = 
2060'R 
Use o f  a l ube -o i l - coo led  
a1 t e r n a t o r   s p e c i f i e d  
Prope l lan t  p ressure  regu la to rs  
and shutof f  valves added 
Lube o i l  c o o l e r  upstream  from 
h y d r a u l i c  c o o l e r  
Low-temperature  recycle  loop 
e l i m i n a t e d  
Temperature and pressure 
equa l i ze rs   e l   im ina ted  
Turb ine in le t  temperature sensor  
r e l o c a t e d  t o  i n t e r s t a g e  l o c a t i o n  
Lube pump second stage 
e l i m i n a t e d  
T u r b i n e  p i t c h - l i n e  v e l o c i t y  
reduced t o  I700 fps 
Reason 
NASA d i   r e c t i  ve 
NASA d i   r e c t i  ve 
NASA d i r e c t i v e  
NASA d i   r e c t i  ve 
NASA d i r e c t i v e  
Consequence o f  changes I and 2 
Consequence o f  change I 
Shown unnecessary by controls 
s tud ies  
Favored  by  response,  packaging, 
and l i f e  c o n s i d e r a t i o n s  
P i t o t  scavenge pump provides 
s u f f i c i e n t  AP 
Consequence o f  changes 2 and 3 
TABLE I I 
COMPARISON OF  SPEED CONTROL  CONCEPTS 
I Concept Relative  Hission Propellant  Consumption 'peed Control Valve Relative Fixed Cvcl es Weight 
~~ 
106.9 $ for orbiter 
100.0 $ for  orbiter 
3.3 $ steady- 
state 
f1.7 $ during 
transients 
25 $ steady-* 
state  and 
transient 
modulating lOO.O$ 
13,00O/mission 
for booster 
for orbiter 
* Contract requirement 
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Table I2~compares the four c lasses of t u rb ine  i n le t  t empera tu re  con t ro l  
for  pressure  modulated  systems. It ind ica tes   tha t   ma in ta in ing   cons tan t   tu rb ine  
i n l e t  temperature  provides minimum propellant  consumption.  Further,  the  data 
show t h a t  o p e r a t i n g  w i t h  a v a r i a b l e  O/F r a t i o  ( a l l o w i n g  t h e  hydrogen temper- 
a t u r e  i n t o  t h e  combustor t o  always  be  maximized, r a t h e r  t h a n  f i x i n g  it by use 
of bypass a t  t h e  minimum obtainable value),  provides performance super ior  to 
t h a t  o b t a i n a b l e  w i t h  f i x e d  O/F. 
TABLE 12 
COMPARISON OF TURBINE INLET TEMPERATURE  CONTROL  CONCEPTS 
Concept 
Heat Sink 
Prope l lan t  Consumption 
Relat ive  Mission 
Design  Risk 
Heat  Exchanger 
Constant  Temperature, 
Var iab le  O/F 
Floating Temperature, 
Var iab le  O/F 
100 a LOW None 
150 Lob1 None 
Constant Temperature, 
Constant O/F 
2 .  Spl i t   Recuperator  
I .  Recycle Luup 
3. Recuperator Bypass 
102 .' 
105 
105 .' 
150-200 l b  
None 
None 
L0.9 
Koderate 
High 
I I I 
F l o a t i n g  Temperature, 
Constant O/F 113 ' LOW 
None 
System Transient Performance/Controls Conf i q u r a t i o n  
The steady-state program developed during Phase I was expanded  and 
mod i f ied  dur ing  Phase I1 t o  p r o v i d e  b o t h  t r a n s i e n t  and steady-state performance 
p r e d i c t i o n .  The s o l u t i o n  method  and a n a l y t i c a l  models are based on similar 
programs used for design of AiResearch-manufactured APU's and pr imary pro- 
puls ion  engines. Some i n i t i a l  c o n t r o l s  s t u d i e s  were  performed  using  the 
analog  computer  (described  in Volume IV, Sect ion 7) t o  e s t a b l i s h  
c o n d i t i o n s  f o r  f l o w  s t a b i l i t y .  However, the  prec ise  model ing  requi red  for  
o p t i m i z a t i o n  o f  t h e  c o n t r o l  l o g i c  was performed  on a d i g i t a l  computer. The 
d i g i t a l  t r a n s i e n t  program  output i s  i d e n t i c a l  t o  t h a t  f o r  t h e  s t e a d y - s t a t e  
program  (sample  outputs i n  Volume V), w i t h  t h e  a d d i t i o n  o f  h e a t  
exchanger metal temperatures and turbine speed. 
Both  in tegra t ing  and  droop ( o r  p r o p o r t i o n a l )  c o n t r o l s  were  analyzed 
and i n t e g r a t i n g  c o n t r o l  was found  to   o f fer   super ior   per formance.  The r e s u l t i n g  
pr imary  control   arrangement  is  shown i n   F i g u r e  7. The frequency  compensation 
t rans fe r  f unc t i ons  were determined by assessing the "control less" system 
response t o  changes i n  t h e  c o n t r o l  l e d  v a l v e  p o s i t  i o n s .  The frequency compen- 
sa t i on   i s   t hen   des igned   to   o f f se t   t he   sys tem response. The r e s u l t  i s  a 
system which c losely  contro ls  turb ine speed, t u r b i n e  i n l e t  temperature,  and 
j e t  pump discharge  temperature.  Typical  transient  performance  is shown i n  
F igure 8, s t a r t u p  w i t h  75'R hydrogen introduced into the 500°R ambient temp- 
e ra tu re  APU. 
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Figure  7.   Primary  Control  Circuits - Block Diagram 
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Component Des i qns 
Drawings  and per fo rmance da ta  fo r  the  se lec ted  component  designs  are 
p resen ted   i n   Sec t i ons  5 , 6 ,  and 7 o f  Volume 1 1 1 .  The APU system has 
b e e n  s u b d i v i d e d  i n t o  3 major equipment groups as shown i n  F i g u r e  9. 
1 .  P r o p e l l a n t  . . - - - . . Condi t ion inq/Thermal  - Control  Subsystem 
Th is  subsys tem p rov ides  the  fo l l ow ing  func t i ons :  
0 s u p p l i e s   p r o p e l l a n t s   a t   p r o p e r   t e m p e r a t u r e   a n d   p r e s s u r e   t o   t h e  
t u r b i n e  power u n i t  
0 d i s s i p a t e s   w a s t e   h e a t   g e n e r a t e d   i n t e r n a l l y   i n   t h e   t u r b i n e  power 
u n i t  a t  s u i t a b l e  t e m p e r a t u r e  l e v e l s  f o r  t h e  v a r i o u s  s y s t e m  
components 
It uses   was te   hea t   f rom  the   l ub r i can t ,   hyd rau l i c   f l u id ,   and   t u rb ine   exhaus t  
gas to   preheat   he  incoming  hydrogen.  A r e c y c l e   l o o p   i s   u s e d   t o   m a i n t a i n   p r o p e r  
hydrogen in le t   empera tu res   t o   t he   va r ious   hea t   exchangers .   Th i s   e l im ina tes  
h e a t  e x c h a n g e r  d e s i g n  p r o b l e m s  w i t h  f l o w  i n s t a b i l i t y  a n d  m a l d i s t r i b u t i o n  
l e a d i n g  t o  f l u i d  c o n g e a l i n g  o r  f r e e z i n g   ( a s   d i s c u s s e d   i n  Volume I V ) .  
It also  avo ids  heat  exchanger  des igns  wh ich  depend  upon a c c u r a t e  p r e d i c t i o n s  
o f  h e a t  t r a n s f e r  c o e f f i c i e n t s  t o  m a i n t a i n  w a l l  t e m p e r a t u r e s  a t  a c c e p t a b l e  
values.  AiResearch  experience  has shown t h a t   i n   p r a c t i c e   s u c h   d e s i g n s   a r e  
e x t r e m e l y  d i f f i c u l t  t o  e f f e c t .  
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PROPELLANT CONDITIONING/THERMAL 
CONTROL  SUBSYSTEM 
H Shu to f f /P ressu re   Regu la to r   Assemb ly  
O2 Shu to f f /P ressu re   Regu la to r   Assemb ly  
Recyc le   F low  Cont ro l   Va lve  
J e t  Pump 
Lube Oil Coo le r  
H y d r a u l i c  F l u i d  C o o l e r  
Hydrogen  Preheater  
Recuperator 
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AUXILIARY POWER UNIT SYSTEM 
~ 
TURBINE POWER UNIT 
I .  Combustor/Flow  Control   Valve 
2 .  Turb ine   Ro ta t i ng   Assemb ly  
3. Gearbox  Assembly 
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CONTROLS 
I .  P r i m a r y   C o n t r o l s  
2 .  Secondary  Control !  
3. Sensors 
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The heat  exchangers  are a l l   o f   t h e   s h e l l - a n d - t u b e   t y p e .   T h e i r   c o n -  
s t r u c t i o n  a l l o w s  a c c o m o d a t i o n  o f  t h e  l a r g e  t h e r m a l  g r a d i e n t s  t h a t  c a n  o c c u r  
bo th   du r ing   ope ra t i on   and   du r ing   s ta r tup /shu tdown .  The f u n c t i o n s   o f   t h e   l u b e  
o i l  c o o l e r ,   t h e   h y d r a u l i c   o i l   c o o l e r ,   a n d   t h e   r e c u p e r a t o r   a r e   s t r a i g h t - f o r w a r d .  
The hyd rogen   p rehea te r   i s   requ i red   t o   equa l i ze   t he   i ncoming   and   recyc le   hyd ro -  
gen f l o w  t e m p e r a t u r e s  t o  o b t a i n  o p t i m u m  j e t  pump performance. 
2 .  Turb ine  Power U n i t  
The t u r b i n e  power u n i t  combusts  the  hydrogen  and  oxygen  and  converts 
t h e  r e s u l t i n g  g a s  e n e r g y  i n t o  s h a f t  p o w e r  a v a i l a b l e  f o r  d r i v i n g  t h e  h y d r a u l i c  
pumps and   a l t e rna to r .  The combustor/ f low  control   assembly  uses  separate 
e l e c t r i c a l l y - d r i v e n  f l o w  m o d u l a t i n g  v a l v e s  t o  c o n t r o l  t h e  t h r o u g h f l o w  and  the 
t u r b i n e   i n l e t   e m p e r a t u r e .  The combustor i t s e l f   i s   o f   t h e   d i f f u s i o n  type, 
hav ing  a low  hydrogen  pressure  drop  and a low wa l l  tempera ture  (because o f  
hydrogen f i l m  c o o l i n g ) .  
The t u r b i n e  i s  a two-stage  pressure-compounded  axial- f low  impulse  design 
r u n n i n g  a t  70,000 rpm, 2060'R in le t  t empera tu re ,  and  1700 f p s  p i t c h - 1  i n e  
v e l o c i t y .   P r o p e r   s e l e c t i o n   o f   i t s   n o z z l e   d e s i g n   p o i n t   ( a t  a low  pressure 
r a t i o )  i n s u r e s  h i g h  e f f i c i e n c y  o v e r  t h e  e n t i r e  r a n g e  o f  o p e r a t i o n .  
The gearbox  uses  spur  gear ing  to  reduce the  tu rb ine  shaf t  speed to  tha t  
r e q u i r e d   b y   t h e   h y d r a u l i c  pumps and   a l t e rna to r .   P roper   des ign   o f   t he   gea r ing  
a l l o w s  t h e  l u b e  pump f u n c t i o n  t o  be i n t e g r a t e d  i n t o  one o f  t h e  g e a r s  ( c e n t r i -  
f u g a l  f o r c e  a t  t h e  g e a r  rim i s  used t o  p r o v i d e  p r e s s u r e  h e a d  f o r  l u b e  f l o w ) .  
The gearbox  cas ing  p rov ides  s t ruc tu ra l  moun ts  fo r  t he  APU components  and t h e  
m o u n t i n g  p o i n t s  t o  v e h i c l e  s t r u c t u r e  f o r  t h e  e n t i r e  APU package. 
3. Con t ro l s  
The c o n t r o l s   i n c l u d e   t h e   p r i m a r y   c o n t r o l   f u n c t i o n s   ( t u r b i n e   s p e e d  
c o n t r o l ,   t u r b i n e   i n l e t   t e m p e r a t u r e   c o n t r o l ,   a n d   h y d r o g e n   l o o p   j e t  pump d i s -  
charge  tempera ture   con t ro l ) ,   secondary   con t ro l   func t ions   (s ta r tup ,  shutdown, 
component mon i to r ing ,   fau l t   de tec t ion /emergency   shu tdown) ,   and  sensors   ( ther -  
mocouples,   pressure  t ransducers,   speed  pickups,  etc) .  The c o n t r o l s   ( e x c e p t i n g  
sensors)  are  packaged as a s i n g l e  u n i t  u s i n g  p r i n t e d  c i r c u i t  b o a r d s  f o r  r a p i d  
maintenance. The e l e c t r o n i c   c o n t r o l l e r  will have i t s  own i n t e r n a l   c i r c u i t  
m o n i t o r i n g  t o  i n s u r e  f a u l t  d e t e c t i o n .  
18 NASA-Langley, 1972 - 3 3 - 6 7 3 2  
